• Introduction This study presents a method for estimating the minimum area which exhibits a balanced diameter distribution, and the corresponding number of trees, for different tree species and forest types in the Santiago Papasquiaro region in the State of Durango, Mexico. The balanced structure area is defined as the minimum contiguous area that is required for sustainable management of a multi-sized selection forest. A multi-sized forest represents a balanced structure unit if the relationship between harvest and growth can be maintained, using a defined target diameter distribution and disregarding major natural disturbances. The study is based on 17,577 sample plots in uneven-aged forests, which are selectively harvested by local communities.
Introduction

Sustainable forest management
It is widely accepted that sustainable forest use should be based on principles of constancy and stability in contrast to overexploitation and depletion of a valuable resource to the detriment of future generations (Kotwal et al. 2008 ). This sounds logical, but the implementation of such general ideas represents a real challenge. For successful maintenance of an industry based on timber products, forest planning must ensure that there are always stands at the correct stage of development and in sufficient number to yield the desired product mix from the forest (Gadow and Puumalainen 2000) . The classical approach in rotation management systems involves calculation of an allowable cutting volume based on the current growing stock and estimated growth.
In a forest managed under the selection system, forest development does not follow a cyclical harvest-andregeneration pattern. Instead, it oscillates around some ideal level of growing stock. Various techniques have been devised to ensure sustained production levels. The most common technique involves the definition of a residual growing stock or target structure that should remain after each harvest event. In theory, the approach is very simple and logical. By comparing the real and ideal diameter distributions, it is possible to determine the number of trees that should be harvested in each diameter class (see examples by Cancino and Gadow 2002) . The accumulated surplus is removed on successive visits to a particular forest stand. The challenge is to define the "residual growing stock", not only by timber volume, but also in terms of forest structure and diversity.
Pine-oak forests cover 16% of the Mexican territory, comprising 31.8 million hectares in total (FAO 1998: 30 .1 million hectares), and occur throughout the major mountain ranges of the Sierra Madre Occidental, the Sierra Madre Oriental, the Sierra Madre del Sur, and the Transvolcanic Belt (Rzedowski 1978) . In total, 80% of the forest area is owned and managed by about 8,000 rural communities known as Ejidos and Comuninades who manage their land with some level of governmental control (Thoms and Betters 1998) .
Regarding the extent and economic value of its forest resources, the State of Durango is the most important state in Mexico. It is ranked first in terms of pine growing stock (27.7%), annual yield of coniferous roundwood (25.7%) and other roundwood yields (37.6%) nationwide (SRNyMA 2002) . Timber resources in the State of Durango are estimated to amount to about one-quarter of the national resources of Mexico. Of the total surface area of Durango (12,274,730 ha) , about 4,900,000 ha are covered by forests. The predominant types of forest are pine-oak stands, often mixed with Pseudotsuga, Arbutus, and Juniperus, among other tree species (Corral-Rivas 2006) .
Most forests are managed selectively by local communities. Uneven-aged structures are more complex than evenaged structures and one of the most pressing research problems is the development of practical concepts for defining sustainable harvests. On the basis of traditional methods of harvest control in multi-aged forests, the diameter distribution may provide a useful management tool that can be used to ensure that the natural species diversity is maintained. Such a tool is urgently needed for the 30.1 million hectares of temperate multi-aged and species-rich pine, oak, and fir forests of Mexico (FAO 1998).
Balanced structure areas
Genetic diversity is crucial for forest sustainability and ecosystem stability and has therefore been identified as one of the criteria/indicators for the registration, certification, and audit of a sustainable forest-management system (Rajora 1999). A demographically balanced stem-number distribution, which describes some equilibrium of tree sizes, is also a classical indicator of sustainability (Schütz 2002; Buongiorno and Gilles 2003) . Structural balance may be achieved by defining ideal tree size or tree species distributions. Regarding the latter, the species-area relationship, which describes the increase in the number of species with increasing sample area may be helpful (Hubbell 2001) . It is well known that within a particular geographical region, larger contiguous forest areas contain more species than smaller forest fragments. Lawton (1999) has referred to this relationship as one of the few fundamental laws in ecology, and several models have been proposed to describe the relationship (Williams 1995; Tjørve 2003) . These models allow us to estimate the minimum area, i.e., the smallest area that is required to capture all the species occurring within a given contiguous region. Such estimates have been presented by Gadow and Hui (2007) for a range of forest ecosystems.
If it is possible to estimate the minimum species area, then by analogy, it should be possible to estimate the balanced structure area (BSA), which has been defined by Koop (1981) as the minimum contiguous area that includes all tree developmental stages. The BSA can be considered as the minimum area required for sustainable management in a multi-sized selection forest (see p. 50 in Kurth 1994) . A multi-sized stand represents a balanced structural unit if the relationship between harvest and growth can be maintained using a defined target diameter distribution and disregarding major natural disturbances (Seymour and Kenefic 1998) . Sustainability is theoretically achieved in these stands because goods and services can be consistently produced over time (Nyland 2002) . The BSA can therefore be used as an indicator of demographic sustainability based on tree communities.
In a balanced diameter distribution, the ratio between successive diameter at breast height (DBH) classes is constant. This relationship characterizes the shape of the curve (Baker et al. 1996) and can be described by the negative exponential function (Meyer 1933) . Alternatively, the so-called BDq model, defined by a basal area level, maximum diameter, and q factor, was proposed by Guldin (1991) . Other differently shaped DBH distributions have been found for natural forests (Goff and West 1975; Cancino and Gadow 2002; Westphal et al. 2006 ). Nevertheless, a common factor in diameter distributions in balanced unevenaged forests is that the relationship between the tree diameters and the number of trees is monotonic decreasing.
Objective
The objective of this study is to estimate the minimum area for sustainable management that exhibits a balanced structure irrespective of the shape of the diameter distribution. An additional objective is to study the relationship between the minimum number of trees required for a balanced structure (BSN) and the stand density of a particular species. Forest density affects forest structure, especially through its effect on the growth of recruitment trees (Schütz 2002 (Schütz , 2006 .
Materials and methods
The data set
The study area is located in the Sierra Madre Occidental, in the north-western region of the State of Durango, Mexico (within geographical coordinates 24°30′ 59″-25°30′ 20″ N and 106°25′ 00″-105°52′ 21″ W). The Sierra Madre Occidental pine-oak forests, classified as "Nearctic subtropical coniferous forests" (http://en.wikipedia.org/wiki/ Nearctic_ecozone) are particularly interesting, not only because they represent a unique ecosystem, but also because they are owned and managed by local communities, known as "Ejidos". The study covers about 250,000 ha of unevenaged pine-oak forests. The altitude above sea level fluctuates between 1,400 and 3,000 m. The prevailing climate is temperate, with rainfall in summer, an annual average precipitation of 800-1,400 mm, and an annual average temperature of 2-22°C (García 1989; Silva-Flores et al. 2010) . These forests are mainly managed by selective removals, with only a small amount of shelterwood harvesting (less than 5% of the productive forest area). Clear felling is almost unknown, and requires special management expertise.
The continuous-cover forest management system used in Durango is known as the Método Mexicano de Ordenación de Bosques Irregulares (MMOBI). It was developed in 1944 for uneven-aged forests and was first described in the management plan of the Atenquique forest in Jalisco (Rodríguez 1958) . The theoretical basis of the MMOBI system has been described by Torres (2000) , who assumes that tree growth is exponential and can be estimated from the compound interest formula (Corral-Rivas 2006) .
Usually, the largest trees are harvested for timber and to create small openings, which are scattered throughout the stand. New regeneration thus follows harvest events. Tree selection is carried out in the field by professional foresters to meet economic goals, and to ensure long-term ecosystem sustainability, especially with regard to the protection of biodiversity.
In Durango State, a comprehensive monitoring inventory of the forest is carried out once in every cutting cycle, which varies from 10 to 15 years. Data from the last forest inventory, involving 17,577 circular sample plots, were used in this analysis. The plot size varied between 500, 1,000, and 1,500 m 2 . The plots were assigned on a regular grid. Between three and six sample plots were located in each compartment, depending on the stand density and compartment area. The total area sampled amounts to 1,674 ha of uneven-aged pine-oak forest. In each sample plot, the tree species and the DBH of all trees with a DBH of at least 10 cm were assessed along with other variables. The site quality was expressed by the maximum tree height in each stand (H max ) regardless of the tree species (Kurth 1994) .
The diameter measurements were grouped into 16 three-cm classes to detect irregularities in the DBH distributions (Westphal et al. 2006) . The lower and upper bound diameter class midpoints were 12 and 57 cm, respectively.
Quantitative analysis
The methods presented in this section involve the calculation of the covariation of diameter distributions, testing for randomness, and determining a minimum viable population size.
Covariation of a diameter distribution
According to Gregorius et al. (2007) , two variables X and Y exhibit a perfect covariation if one consistently increases or decreases as the other consistently increases. In our application, X represents the tree diameter class midpoint and Y represents the absolute or relative frequencies in the diameter classes. The Covariation C of a diameter distribution is defined by:
The covariation may assume values between −1 and +1. C=1 refers to a perfectly positive covariation and C=−1 to a perfectly negative covariation. C is undefined if the denominator is zero. In the context of this analysis, a DBHclass distribution is assumed to be perfectly balanced if the number of trees decreases with increasing tree size, i.e., if the covariation between the diameter class midpoints DC and the corresponding absolute or relative class frequencies N (C[DC×N]), equals −1. In that case, the relationship between the diameter classes (specified in ascending order) and the numbers of trees in the diameter classes is perfectly balanced, regardless of the form of the DBH distribution.
Testing for randomness
There is a possibility that the observed C may be the result of random events. To evaluate this possibility, a one-sided permutation test with randomly chosen assignments of N was performed. The percentages of observed C values that were greater than or equal to the random C values (P(Z≥C)≥0.05) were computed for 5,000 permutations.
Minimum viable population
Based on the results of previous studies and general practice in seed orchards, we assume that adult trees (with DBH >20 cm) produce seed and pollen and that at least 40 of such parent trees represent a minimum viable population (MVP) to ensure that the genetic substance is sustainable. There are different opinions and strategies regarding the definition of an MVP. In principle, genetic variation increases with effective population size (Frankham 1996) . According to Wright (1938) , the minimum viable population of breeding individuals in an idealized population is that which shows the same amount of dispersion of allele frequencies under random genetic drift or the same amount of inbreeding as the population under consideration. Genetic diversity is also correlated with the minimum viable population, which Nunney and Campbell (1993) propose as being represented by the population size required to ensure between 90% and 95% probability of future survival of between 100 and 1,000 years. According to Bücking (2003) , for an area of 50 ha, an old-growth stand meets the minimum area required in conservation biology for maintaining the long-term viability of gene pool in late-successional mesic tree species.
Calculating the covariation
For each tree species and DBH distribution, the Covariation (C[DC×N]), the P value and the number of adult trees were calculated in each individual circular plot i.
If the C[DC×N]
in plot i was greater than −0.99 (i.e., for example −0.98) or not significant (P(Z≥C)≥0.05) or the plot contained less than 40 individuals with DBH exceeding 20 cm, the data from the nearest neighboring plot j were merged with those in plot i. The covariation, the P value and the number of trees with a DBH exceeding 20 cm were calculated for the combined plots i and j. 2. If the covariation in the merged plot was greater than −0.99 or P was not significant, or if the plot contained less than 40 individuals with DBH's exceeding 20 cm, the data from the second nearest neighboring plot j+1 were joined with those in plot i. Again, the covariation, the P value, and the number of trees with DBH exceeding 20 cm were calculated for the original plot i and the two neighboring plots j and j+1.
This process of merging plots (not stands/strata represented by a set of plots) is repeated until the diameter distribution is balanced and the number of potential seed parents is sufficient. The total area and the number of trees in the united plot cluster, which was assumed to represent the minimum BSA and the minimum balanced structure tree number (BSN) for a particular tree species, were then determined. The procedure of aggregating plots to attain structural balance and viability was repeated for all individual circular plots. The BSA and BSN distributions, the mean minimum balanced structure areas (mean BSA), the mean minimum balanced tree numbers (mean BSN), the 95% confidence intervals of minimum balanced structure areas (BSA 0.025 ; BSA 0.975 ) and minimum balanced structure tree numbers (BSN 0.025; BSN 0.975 ), and the smallest and largest minimum balanced structure areas (BSA min ; BSA max ) and minimum balanced structure tree numbers (BSN min ; BSN max ) were calculated.
Furthermore, the covariation and error probabilities calculated from 5,000 permutations were used to assess the relationships between the mean minimum structure tree number (mean BSN) as well as the upper limit of the 95% confidence interval of the BSN (BSN 0.975 ) and the relative frequency, the area (hectare), and the number of trees of all conifer and oak species per ha.
Evaluating differences between empirical and model distributions
To evaluate the goodness of fit of the estimated exponential function (f=a·e (b·DC) ), the "genetic distance" proposed by Gregorius et al. (2007) was found most suitable because it is easily interpreted. The genetic distance is defined as follows:
where n refers to the number of diameter classes, and p i and q i are the relative frequencies in the estimated and empirical distributions. d may assume values of between zero and one. It is equal to the proportion of the diameter frequencies that must be exchanged so that the observed empirical distribution is exactly equal to the estimated exponential model distribution (Westphal et al. 2006; Corral-Rivas et al. 2009 ). Both distributions are identical if d=0, and they have nothing in common if d=1. A permutation test with 5,000 permutations was used to test the hypothesis that the empirical and the model distributions are statistically identical, at a=0.05.
Results
In this section, we present the global distribution of tree species and tree diameters, and the diameter distributions in different height classes.
Global distribution of tree species and tree diameters
The distribution of all trees with DBH exceeding 10 cm in the 17,577 sample plots, is shown in Fig. 1 Disregarding the tree species, the relative DBH frequencies (f) in diameter classes 12 to 57 cm decrease nearly perfectly monotonously. The total covariance (C[DC×f]) is −0.9999 and the P value P(Z≥C) less than 0.0001. Only trees in the 39 cm diameter class did not follow the general trend of monotonous decrease (Fig. 2) .
The overall DBH distribution in Fig. 2 shows a reverse J-shaped form, which is typical for uneven-aged forests. Diameter classes 12, 42, and 48 cm are under-represented and the classes with midpoints 21 and 39 cm are overrepresented. The line in Fig. 2 is the graph of the exponential function f=a·e (b·DC) with coefficients a=0.623 and b=−0.08. The distance (d) between the model and the empirical distributions is equal to 0.067. This is a very low value, which indicates that only 6.7% needs to be exchanged to make the two distributions identical. On the basis of the random permutations, we can assume that the probability of rejecting the null hypothesis of identical distributions is equal to 0.285, which is greater than the threshold value of 0.05.
Diameter distributions in different height classes
The observed relative diameter distributions in the diameter classes between 12 and 57 cm, for the 17 to 18 most frequently occurring tree species and four classes of maximum tree heights per stand (H max ), regardless of the tree species, are similar to a reverse J distribution (Fig. 3) .
The diameter distributions for single species are not usually perfectly balanced. However, when grouped together, they represent an almost perfectly balanced diameter distribution, which is consistent with the exponential function f=a·e (b·DC) . The parameter values for the four height classes are shown in Table 1 . The parameter values appear to follow a trend. The parameter b increases, whereas a decreases, with increasing H max .
The differences (d) between the empirical and the model distributions are statistically identical only for the 25-29 m H max (d=0.044; p=0.005) and 30-40 m H max classes (d=0.046; p=0.0002). Perfectly balanced DBH-class distributions of a single tree species in all plots are very rarely found. However, there are many "nearly" balanced DBH-class distributions (Fig. 3) .
The largest covariation values +0.8421 and +0.9364 were observed for Pinus oocarpa, in two H max classes. Fig. 1 Species distribution of all trees with DBH exceeding 10 cm in the 17,577 sample plots. The total area of all sample plots is 1,674 ha Fig. 2 The observed relative diameter distribution in the diameter classes of 12 to 57 cm for all sample plots (17,577) and all tree species in an area of 1,674 ha Fig. 3 Relative diameter distributions observed in the diameter classes of 12 to 57 cm of the 18 most frequent tree species and four classes of maximum tree heights per stand (H max ), regardless of tree species Covariation values of between −0.9835 and −0.9999 were found for most tree species, for all maximum tree heights. Three common pine species (P. durangensis, Pinus ayacahuite, and Pinus arizonica) and two oak species (Quercus crassifolia and Quercus cocolobifolia) have a perfect covariation value of −1.0.
The minimum areas and the minimum number of trees required for a covariation between the DBH classes and their respective relative frequencies of less or equal to −0.99 are shown in Table 1 . In addition, the 95% confidence intervals are shown for the minimum areas and the minimum number of trees required for a covariation <−0.99. The areas and numbers of trees per species that were observed for all sample plots are also shown in Table 2 . The table, which has been sorted using the values in column 8, shows the species attributes in ascending order. The smallest area corresponds to Pinus oocarpa and the largest to P. durangensis. The total number of trees per species found in the 17,577 plots without considering the conditions "balanced structure" and "viable population" are shown in column 7. The sum of all plots in which the particular species was found, again not considering the above two conditions, are shown in column 8.
The 95% confidence intervals for the minimum structure areas ( In the form of the mean minimum balanced structure areas (mean BSA) and the mean minimum balanced structure tree numbers (mean BSN), the 95% confidence intervals of minimum balanced structure areas (BSA 0.025 ; BSA 0.975 ) and minimum balanced structure tree numbers (BSN 0.025; BSN 0.975 ), the smallest and largest minimum balanced structure areas (BSA min ; BSA max ), and minimum balanced structure tree numbers (BSN min ; BSN max ) of the conifer and oak species attaining a C[DC×N]<−0.99 including all plots as well as the absolute frequency (tree number), area, and stand density over all sample plots DBH interval of 12 to 57 cm, vary from 0.4 to 122 ha, 1.2± 0.6 to 21.7±8.3 ha over all oak species and 1.5±1.0 to 71.9± 45.8 ha over all conifers in the unweighted average investigated. The values for conifers vary widely for different species and are on average twice as high as the values found for oaks. The 95% confidence intervals for minimum balanced structure tree number (BSN 0.025; BSN 0.975 ) ranged between 73 and 8981, 81±4 to 948±552 for all oak species and 81±4 to 3666±3052 for all conifers in the unweighted average investigated.
The covariation values of the minimum balanced structure tree number (Mean BSN) are shown in Table 3 ; these are required to attain a balanced diameter distribution and upper limit of the 95% confidence interval of the minimum balanced structure tree number (BSN 0.975 ) with relative frequency, area, and stand density of conifer and oak species investigated, and probabilities of error P(Z≥C) calculated from 5,000 permutations. The results demonstrate that the BSN 0.975 increased significantly with the predominance (relative frequency), prevalence (area size), and density (individuals per area) of the tree species in the stand.
An example of how this approach may be used to estimate both the BSA and BSN that provide a nearly balanced three-cm DBH-class distribution in a forest stand in the study area is shown in Table 4 . The idea is to merge individual stands into sustained-yield units using unevenaged silviculture. The forest subcompartment contains five tree species and was selected from the inventory data. The results indicate that the minimum area required for sustainable management is equal to 7.7 ha. This is the area required for a balanced diameter structure of Juniperus spp., the species that requires most space within the stand. The BSN results show that each species requires different numbers of trees in order to reach a balanced DBH-class distribution. Both BSA and BSN are consistent within the 95% confidence intervals shown in Table 3 .
Discussion
The present study has shown that more than 60 different tree species occur within the study area (Fig. 1) . Vargas (2006) obtained very similar results in the region of El Salto, which is located in the Sierra Madre Occidental, between a latitude of 23°30′ and 24°15′ north, and a longitude of 105°15′ and 105°45′ west, 100 km southwest of the city of Durango. The composition of tree species was slightly different in the earlier study.
The DBH distributions in the present study predominantly show the reverse J-shaped form, which is typical for uneven-aged forests (Figs. 2 and 3 ) and is due to the extensive area with complex structure forest stands. Different forms of DBH distributions may be found in smaller uniformly structured forest stands (Goff and West 1975) . However, some stands might be too small to include all the successional stages and thus might over-represent certain structural features (Westphal et al. 2006) .
When all plots are combined, the DBH-class distributions of many tree species are quite balanced (Figs. 2 and 3) . The areas were sufficiently large to provide a permanent dynamic equilibrium of a mosaic of regeneration units (Korpel 1982; Koop 1989) . The 95% confidence intervals of minimum balanced structure areas (BSA 0.025 ; BSA 0.975 ), which provide a nearly balanced three-cm DBH-class distribution in the interval of 12 to 57 cm range between 0.40 ha and 122 ha, depending on the tree species. For the oak species, the area ranges between 1.2±0.6 and 21.7±8.3 ha, and for the conifers, between 1.5±1.0 and 71.9±45.8 ha. The 95% confidence intervals of minimum balanced structure tree number (BSN 0.025 ; BSN 0.975 ) vary from 73 to 8,981, from 81±4 to 948±552 over all oak species and from 81±4 to 3666± 3,052 over all conifers (Table 2 ). There are no comparable studies in Mexico, so that we compared the results with those of studies in other countries. For northern German acid and mesotrophic beech forests (Fago-Quercetum and MilioFagetum) and the oak-hornbeam forests (Stellario-Carpinetum), the BSA was reached in areas of 40, 25, and 10 ha, respectively (Koop 1981) . According to Korpel (1982) , in Slovakia for beech forests (Fagetum typicum), for mixed firbeech forests (Fagetum-abietosum and Abieto-Fagetum) and for spruce forests in the high-altitude zone (SorbetoPiceetum), the BSA was 30, 40-50, and 60-70 ha, respectively. The comparison shows that the oak-hornbeam forests investigated by Koop (1981) and the Mexican oak species exhibit similar mean BSA values. In addition, the mean values of conifers varied only slightly from those in European studies.
We are not aware of comparable investigations involving the minimum BSN. However, the BSN seems to be more significant in genetic and demographic studies as well as conservation biology research (Wright 1938; Nunney and Campbell 1993; Frankham 1996) than the BSA. The area alone is not meaningful because a given area may contain a few or many individuals. This also raises the interesting question as to whether BSN (as an indicator of demographic sustainability) can be used to estimate the MVP, which is an indicator of "genetic sustainability", an attribute that is difficult to measure.
The BSN is positively correlated with the relative frequency, area, and stand density of the tree species (Table 3) . Protected species, such as Abies durangensis and Pseudotsuga menziesii, and rare species (Table 2) have a lower BSN than most of the important commercial tree species. These include P. arizonica, P. durangensis, Pinus leiophylla, Pinus engelmannii, P. teocote, Pinus herrerae and some species of the genus Quercus (Corral-Rivas 2006). These species are commercially important, not only because of the good quality of their timber, but also because they occur more frequently and are more widely distributed. Because of their commercial value, these species may have been harvested so heavily in some areas in previous selective thinnings that more trees are required for a balanced distribution. Additionally, the shelterwood system practiced in some of these forests may result, sometimes unintentionally, in structural modification of the populations, thus generating uniform stand structures. Stand density may also directly influence the BSN by affecting the growth of recruitment trees (Schütz 2002 (Schütz , 2006 . One way to investigate this effect would be to compare the present results with those from areas that have been completely protected for long periods of time.
The estimates of minimum structure areas presented here have potentially important implications for forest management: (1) compared with traditional approaches in unevenaged silviculture, sustainable forest conditions are evaluated in a more comprehensive way by considering both BSA and BSN; (2) this study has shown that it is possible to identify silvicultural treatments that are conducive to sustainable use most effectively at the species level; (3) future management monitoring in the unique forests of Durango, based on a forest inventory with a large number of sample plots, will reveal unsustainable harvesting practices more effectively and in a more comprehensive way than before, using the methods presented in this study.
